We describe the isolation and characterization of Friend of Prmt1 (Fop), a novel chromatin target of protein arginine methyltransferases. Human Fop is encoded by C1orf77, a gene of previously unknown function. We show that Fop is tightly associated with chromatin, and that it is modified by both asymmetric and symmetric arginine methylation in vivo. Furthermore, Fop plays an important role in the ligand-dependent activation of estrogen receptor target genes, including TFF1 (pS2). Fop depletion results in an almost complete block of estradiol-induced promoter occupancy by the estrogen receptor. Our data indicate that Fop recruitment to the promoter is an early critical event in the activation of estradiol-dependent transcription.
Arginine methylation is a widespread posttranslational modification in eukaryotic cells that is catalyzed by a family of enzymes called protein arginine methyltransferases (Prmts). Prmts use S-adenosyl-L-methionine (SAM)
as a donor to transfer methyl groups to the side-chain nitrogens of arginine residues. To date, nine Prmts have been identified in humans, and they have been subdivided into two major classes. Type I enzymes (Prmt1, Prmt3, Prmt4, Prmt6, and Prmt8) promote the formation of asymmetrical -N G ,N G -dimethylated arginines (aDMA), and type II enzymes (Prmt5 and Prmt7) form symmetrical -N G ,NЈ G -dimethylated arginines (sDMA). -N Gmonomethylarginine (MMA) is thought to be an intermediate formed by both enzyme types. So far, the methyltransferase activity of Prmt2 and Prmt9 has not been demonstrated formally (6, 36) . Although methylation does not change the overall charge of an arginine residue, it modulates intermolecular interactions by increasing steric hindrance and hydrophobicity and decreasing hydrogen-bonding capacity. Furthermore, methylation protects the reactive guanidino groups of arginine residues against inappropriate modification by dicarbonyl reagents (15) .
Prmt1 is ubiquitously expressed and is the source of the predominant Prmt activity in mammalian cells. Although Prmt1-deficient embryonic stem cell lines are viable, Prmt1 knockout mice die at around the onset of gastrulation, which is consistent with a fundamental and nonredundant function (38) . The majority of previously identified Prmt1 substrates are nucleic acid binding proteins that play a role in RNA processing, DNA repair, signal transduction, and transcription (6, 34) . How Prmt1 recognizes its specific substrates, and to what degree this is regulated by additional factors, is only partially understood. Prmt1 has a high affinity for glycine-arginine-rich (GAR) regions, and the majority of identified methylated arginines are located within such domains (6) . The crystal structure of Prmt1 in complex with a GAR peptide reveals three different binding channels for these motifs (51) . GAR regions are a common feature of many RNA-binding proteins (RBPs), including the heterogeneous ribonucleoproteins (hnRNPs). These proteins play roles in mRNA processing and transport and contain up to 65% of total nuclear DMA (8, 26) . Although the arginines in these regions have been recognized as key residues in RNA-protein interactions, it remains to be determined whether methylation has a profound effect on protein-RNA interactions. In contrast, a role for arginine methylation in regulating protein-protein interactions is well documented. The methylation of the yeast hnRNPs Npl3p and Hrp1p and the RBPs Sam68 and RNA helicase A is critical for their proper cellular localization (42, 50) . The methylation of Sam68 regulates binding to SH3 domain-containing proteins, while binding to WW domains is unaffected (7) . Other interactions controlled by DMA include transcription factor complexes, such as the binding of Nip45 to Nfat and the binding of Cbp/ p300 to Creb (30, 49) .
Another mechanism of substrate recognition is regulated via controlled recruitment. For example, Prmts are recruited to promoters and other regulatory elements to control gene expression by the methylation of histones and components of the transcription machinery (36) . The recruitment of Prmt1 by nuclear hormone receptors and the transcription factors p53, YY1/Drbp76, and upstream stimulatory factor 1 (Usf1) results in the local methylation of histone H4 at R3 (1, 19, 39, 48) . This modification is critical for subsequent histone acetylation and further activation events (20) .
Little is known about the regulation of the enzymatic activity of Prmt1. As most target proteins appear to be methylated entirely at any given time, Prmt1 is considered to be a consti-tutively active enzyme. Prmt1 activity is abolished when dimerization is prevented, and it has been suggested that Prmt1 is catalytically active only in the form of oligomers (24, 51) . In all cell lines tested, Prmt1 is a component of a 250-to 400-kDa complex both in the cytoplasm and in the nucleus. It is unclear whether additional proteins are a constitutive component of this complex or whether it reflects a large Prmt1 polymer. Furthermore, only a limited number of Prmt1-interacting proteins have been described to affect Prmt1 activity under certain conditions. CCR4-associated factor 1 (Caf1) and the related proteins B-cell translocation gene 1 (Btg1) and Btg2/Tis21 bind Prmt1 and stimulate its activity toward selected substrates, while protein phosphatase 2A (Pp2a) has an inhibitory effect (13, 25, 40) .
The identification and characterization of Prmt1-interacting proteins is critical for further understanding the role of Prmt1 in different cellular processes and may answer questions regarding the regulation of Prmt1 activity and specificity. Thus far, Prmt1 substrates and Prmt1-interacting proteins have been identified through candidate approaches, serendipitous discovery, in vitro substrate screens, and proteomic strategies that identify proteins with methylated arginines (10, 33, 46) . Here, we describe the single-step isolation of Prmt1-associating proteins using a biotinylation-proteomics approach and the characterization of a novel Prmt1-interacting protein, which we termed Friend of Prmt1 (Fop).
MATERIALS AND METHODS

Constructs and cells.
The coding sequence of Prmt1 (isoform 1) was amplified from mouse erythroblast cDNA by PCR using Expand (Roche), cloned into pMT2_HA and pMT2_myc (22) using SalI and NotI, and verified by sequencing. After the introduction of the 23-amino-acid (aa) biotinylation tag (designated Bio-tag), HA_bio_Prmt1 was subcloned into the erythroid expression vector pEV-neo (32) and electroporated into mouse erythroleukemic (MEL) cells expressing the BirA biotin ligase (12) . The cDNA of Fop was obtained from RZPD/imaGenes (clone IRAKp961L04114Q2; Berlin, Germany). The first 25 aa were introduced using SalI/HindIII after subcloning the 930-bp HindIII/EcoRV fragment into pBluescript (Stratagene). Full-length Fop was cloned into pMT2_HA using SalI and EcoRI sites. Glutathione S-transferase-Fop (GSTFop) fusion constructs were generated by cloning PCR fragments into pGEX3X (Pharmacia). Green fluorescent protein (GFP) and Cherry were cloned in frame at the N terminus of Fop and Prmt1, respectively. MEL, 293T, U2OS, and MCF7 cells were grown in Dulbecco's modified Eagle medium (DMEM; Life Technologies) supplemented with 10% fetal calf serum (FCS). Before hormone treatment, MCF7 cells were grown for 3 to 4 days in phenol red-free DMEM supplemented with 5% charcoal-dextran-stripped FCS after the addition of 200 nM 17␤-estradiol (E2; Sigma) for the indicated times.
Size fractionation. The size fractionation of protein complexes was carried out on an AKTA fast-performance liquid chromatography apparatus with a Superose 6 10/30 column (Amersham Biosciences). Fractions were precipitated with trichloroacetic acid and analyzed by Western blotting.
Transient transfection, immunoprecipitation, and Western blot analysis. The transfection of 293T cells, immunoprecipitation, GST pull downs, and Western blot analysis were performed as described previously (45) . Membranes were blocked in 0.6% bovine serum albumin (BSA), incubated with the appropriate antibodies, and developed with the use of enhanced chemiluminescence (NEN) or by using the Odyssey infrared imaging system (Li-Cor Biosciences). The following primary antibodies were used: Prmt1 (07-404), Prmt5 (07-4051), H4R3me2 (07-213), AcH4 (06-598), H3K27me3 (07-449), Asym24 (07-414), and Sym10 (07-412) were from Upstate; hemagglutinin (HA) (monoclonal F7; sc-7392), HA (polyclonal Y11; sc-805), Myc (sc-40), actin (sc-1616), Shc (sc-967), and lamin B (sc-6216) were from Santa Cruz; and LSD (ab18036), H3K9me2 (ab1220), and H3 (ab1791) were from Abcam. Rat monoclonal antibodies against the N and C termini of Fop (KT59 recognizing aa 1 to 90 and KT64 recognizing aa 206 to 249, respectively) were generated by Absea Biotechnology Ltd. (Beijing, China). Additionally, polyclonal antibodies were raised in rabbits using the same epitopes. Cellular fractionation was performed as described previously (37) . Subcellular fractionation (cytoplasm, nucleoplasm, chromatin, and nuclear matrix) was performed as described previously (31) .
Cellular extracts and mass spectrometry. Procedures involving biotinylated proteins were performed as described previously, with minor modifications (12) . Cytoplasmic and nuclear extracts were generated using the method of Andrews and Faller from 5 ϫ 10 8 MEL cells (2) . Tryptic digestion was performed on paramagnetic streptavidin beads. Mass spectrometry (MS) was performed as described previously (3) . Nanoflow liquid chromatography (LC)-MS/MS was performed on an 1100 series capillary LC system (Agilent Technologies) coupled to an LTQ-Orbitrap mass spectrometer (Thermo) operating in positive mode and equipped with a nanospray source. Peptide mixtures were trapped on a ReproSil C 18 reversed-phase column (column dimensions, 1.5 cm by 100 m; packed in-house; Maisch GmbH) at a flow rate of 8 l/min. Peptide separation was performed on a ReproSil C 18 reversed-phase column (column dimensions, 15 cm by 50 m; packed in-house; Maisch GmbH) using a linear gradient from 0 to 80% B (A, 0.1% formic acid; B, 80% [vol/vol] acetonitrile, 0.1% formic acid) for 70 min and at a constant flow rate of 200 nl/min using a splitter. The column eluent was directly sprayed into the electrospray ionization (ESI) source of the mass spectrometer. Mass spectra were acquired in continuum mode; the fragmentation of the peptides was performed in data-dependent mode. Peak lists were automatically created from raw data files using the Mascot Distiller software (version 2.1; MatrixScience). The Mascot search algorithm (version 2.2, MatrixScience) was used for searching against the NCBInr database (release 20090430; total number of sequences, 8, 483, 808) . The peptide tolerance typically was set to 10 ppm, and the fragment ion tolerance was set to 0.8 Da. A maximum number of two missed cleavages by trypsin were allowed, and carbamidomethylated cysteine and oxidized methionine were set as fixed and variable modifications, respectively. The Mascot score cutoff value for a positive protein hit was set to 75. Typical contaminants, which also are present in purifications using BirAonly MEL cell extracts, were omitted from the table (12) .
Lentivirus-mediated knockdown and siRNAs. After being subcloned into pSuper (11), the H1 promoter and short hairpin RNA (shRNA) coding sequences against Prmt1 (GATTGTCAAAGCCAACAAG) and Fop (GGAGCA GCTGGACAACCAA) were cloned into a modified pRRLsin.sPPT.CMV. GFP.Wpre lentiviral vector (16) . Lentivirus was produced by the transient transfection of 293T cells according to standard protocols (52) . Knockdowns in MCF7 were performed using short interfering RNA (siRNA) transfection as described previously (47) . The sequences of siRNA against Fop (siFop) are 5Ј-GGAGCA GCUGGACAACCAA-3Ј, 5Ј-GUUAGUCAACACAUCUGUAAA-3Ј, and 5Ј-G ACUCUUGUUAGUCAACACAU-3Ј (sense strand; Genepharma, Shanghai, China).
Confocal imaging. For confocal imaging, cells were spotted on poly-prep slides (Sigma), fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS), permeabilized with 0.1% Triton X-100, and blocked in 1% BSA-0.05% Tween 20 in PBS. Primary antibody incubation was performed in blocking solution for 16 h at 4°C. Cells were imaged using a Meta 510 confocal laser-scanning microscope (Meta LSM510; Zeiss) using the AIM software provided. Images were recorded as an 8-bit image stack of 512 by 512 pixels with a voxel size of 47 by 47 by 250 nm of a 4ϫ line average. The point spread function was determined by scanning green fluorescent beads with a diameter of 100 nm (Duke Scientific). The chromatic shift was determined by scanning multicolored fluorescent beads with a diameter of 500 nm (TetraSpeck beads; Invitrogen). The empirically obtained point spread function (PSF) was used for deconvolving the image stacks with the classic maximum of likelihood algorithm that is implemented in the Huygens deconvolution, visualization, analysis, and archiving software package 3.0 for Linux (Scientific Volume Imaging). After deconvolution, the image stack was corrected for chromatic shift. Fluorescence recovery after photobleaching and fluorescence loss in photobleaching (FRAP/FLIP) experiments were performed as described previously (14) .
RT, ChIP, and QPCR. Reverse transcription (RT) and chromatin immunoprecipitation (ChIP) were performed as previously described (47) . For RTquantitative PCR (RT-QPCR), GAPDH gene transcription was used as a reference for normalization. The following primers were used: GAPDH, 5Ј-AGC CACATCGCTCAGACAC-3Ј (forward) and 5Ј-GCCCAATACGACCAAATC C-3Ј (reverse); pS2, 5Ј-GCCTTTGGAGCAGAGAGGA-3Ј (forward) and 5Ј-T AAAACAGTGGCTCCTGGCG-3Ј (reverse); lactoferrin, 5Ј-TAAGGTGGAA CGCCTGAAAC-3Ј (forward) and 5Ј-CCATTTCTCCCAAATTTAGCC-3Ј (reverse); and transforming growth factor alpha (TGF-␣), 5Ј-TGCTGCCACTC AGAAACAGT-3Ј (forward) and 5Ј-ATCTGCCACAGTCCACCTG-3Ј (reverse). For ChIP-QPCR, immunoprecipitated chromatin was amplified using the following primers: pS2 gene promoter, 5Ј-GTTGTCACGGCCAAGCCTTTT-3Ј (forward) and 5Ј-AGGATTTGCTGATAGACAGAGACGAC-3Ј (reverse); and GAPDH gene promoter, 5Ј-CCATCTCAGTCGTTCCCAAAGTCC-3Ј (forward) and 5Ј-GATGGGAGGTGATCGGTGCT-3Ј (reverse). The ChIP results were quantified as recently described (21) .
RESULTS
Identification of Prmt1-associated proteins by biotinylation tagging and MS. Tagged Prmt1 (HA_bio_Prmt1) was generated by fusing an HA epitope and a short (23-aa) Bio-tag to its N terminus. The Bio-tag is efficiently biotinylated by the bacterial BirA biotin ligase, which is coexpressed in stably transfected MEL cells (12) . HA_bio_Prmt1 was expressed below endogenous levels to reduce the likelihood that nonphysiological interactions would be identified. Biotinylated Prmt1 was efficiently recovered from MEL extracts with magnetic streptavidin beads and was associated with endogenous Prmt1 in both the cytoplasm and the nucleus (Fig. 1A) . Size fractionation experiments showed that HA_bio_Prmt1 behaved similarly to endogenous Prmt1, eluting in fractions with a molecular mass range of 250 to 400 kDa (44) (Fig. 1B) . Complexes with a molecular mass of more than 1 MDa were detected exclusively in the nuclear fraction. In contrast, Prmt1 with a C-terminal HA_Bio-tag appeared to be monomeric (42 kDa [data not shown]). These experiments show that HA_bio_Prmt1 is faithfully incorporated into oligomeric complexes. Prmt1-associating proteins were identified by streptavidin pull down followed by nanoflow LC-MS/MS and were compared to samples from cells expressing BirA alone. Putative Prmt1-interacting proteins identified in two independent HA_bio_Prmt1 pull downs are listed in Fig. 1C . The candidates are predominantly RBPs involved in RNA processing (Rbmxrt/hnRNPG, hnRNPU, and Lsm14a), RNA stability (Serbp1), RNA export (Refbp2), translation (Msy4), and ribosome synthesis (Nol5a). All proteins contain GAR domains, suggesting that these proteins are direct targets for Prmt activity. Indeed, the methylation of hnRNPs, including Rbmxrt/hnRNPG and hnRNPU, is well documented, while members of the SM/LSm family are previously identified targets of Prmt5 (9, 26) . Multiple known Prmt1 targets/interacting proteins, including additional hnRNPs, U5 snRNP components, Sam68, and fibrillarin, also were detected, but these abundant proteins also were found in the BirA-only control samples as observed previously (12) .
A newly identified putative Prmt1-interacting protein is encoded by the homolog of the human C1orf77 gene. The protein has not been characterized previously, and as it interacts with Prmt1 (see Fig. 3 ), we named it Friend of Prmt1 (Fop). Fop has an expected molecular mass of 27 kDa and is highly conserved in all vertebrates (Fig. 1D) , while no orthologs could be identified in yeast, worms, and flies. The protein has no known conserved domains, but its central sequence consists of a GAR domain that contains 26 RG/GR repeats, while the C terminus harbors a duplication of the sequence LDXXLDAYM (where X is any amino acid). Furthermore, we note that the sequence of the GAR domain shows more variation (70% conservation) than those of the N and C termini (80% conservation for both).
Intracellular localization and expression pattern of Fop. For the further characterization of the protein, monoclonal antibodies were raised against the N and C termini of Fop. Both clone KT59 (specific for the N terminus) and KT64 (specific for the C terminus) recognized a protein running at the expected molecular mass of 27 kDa ( Fig. 2A) and additional proteins of 23 and 25 kDa. These proteins were not detected in cells expressing an shRNA against Fop, suggesting that they represent full-length Fop and smaller isoforms, respectively. It is possible that the 23-or 25-kDa isoform represents Fop_S, an isoform lacking the first 25 aa at the N terminus (Fig. 1D) . In immunoprecipitation (IP) experiments, the different isoforms of Fop were purified by both KT59 and KT64, although the 25-kDa isoform is masked by the immunoglobulin G (IgG) light chain of KT59 (Fig. 2B) . Full-length Fop appeared as a doublet, indicating that it is a target for posttranslational modifications. Analysis by confocal microscopy showed that Fop is a nuclear protein localized to regions with low levels of DAPI, with a punctate/ speckle-like distribution ( Fig. 2C ; also see Fig. 5 ). We next determined the expression of Fop in embryonic day 16.5 mouse embryos. We find that Fop has a wide but not ubiquitous expression pattern (Fig. 2D) . Tissues expressing Fop include the heart, lungs, gut, kidney, submandibular gland, thymus, follicles of the vibrissae, muscle, brown fat, and neuronal cells, including brain, olfactory epithelium, and dorsal root ganglia (Fig. 2D) . Identical results were obtained with KT59 (not shown).
Fop is a novel Prm1-interacting protein. (Fig. 3A) . Cotransfection with wild-type Prmt1 resulted in a slightly slower migration of HA_Fop, suggesting that Fop is modified by Prmt1 (Fig. 3A) . Incubation with an antibody that specifically recognizes asymmetrically methylated arginines (Asym24) shows that Fop is indeed an aDMA-containing protein. The interaction between endogenous proteins then was studied using monoclonal antibodies KT59 and KT64. Figure 3B shows that Prmt1 is detected in Fop purifications (left) and that Fop coimmunoprecipitates with Prmt1 (right), confirming that the endogenous proteins interact.
To identify the region of Fop that interacts with Prmt1, we generated a panel of Fop deletion mutants fused to the C terminus of GST. The deletion series included two potential isoforms (Fop_L and Fop_S, which lack the first 25 aa) (Fig.  1D ) and progressive N-and C-terminal deletions (Fig. 3C) . The GST_Fop fusions were incubated with whole-cell extracts from MEL cells as a source of Prmt1. These results were obtained under stringent washing conditions (radioimmunoprecipitation assay buffer containing 0.1% sodium dodecyl sulfate, 0.5% deoxycholate, 1% NP-40), indicating that the observed interactions are specific. The C-terminal half of the central GAR domain (from R153 to G205) was identified as the major interaction site, which is in line with previous observations that Prmt1 has a high affinity for GAR sequences (6, 34) . A second, weaker binding domain was found within the first 90 aa in the N terminus ( Fig. 3C and 4D) .
Fop is methylated by Prmt1 and Prmt5 in vitro and in vivo. To investigate whether Fop is a target of Prmt activity, we performed in vitro methylation assays using purified GST_Prmt1, GST_Prmt4, GST_Prmt6, and immunoprecipitated Prmt5 in the presence of methyl-14 C-labeled SAM. Core histones served as a positive control (Fig. 4A and B, upper) . We find that Prmt1 is the only type I enzyme tested that is able to methylate Fop (Fig. 4A, lower) . In addition, Prmt5 can use Fop as a substrate (Fig. 4B, lower) , opening the possibility that Fop contains symmetrically methylated arginines in vivo. To investigate this further, we performed the lentivirus-mediated knockdown of Prmt1 and Prmt5 in MEL cells. The reduction of the protein level of Prmt1 resulted in a dramatic shift of the migration pattern of Fop (Fig. 4C, upper) , suggesting that Fop is heavily modified by Prmt1. To test this directly, endogenous Fop was immunoprecipitated from control cells and Prmt1 knockdown cells and stained with the Asym24 antibody. This revealed that the asymmetrical arginine methylation of Fop is severely reduced in the absence of Prmt1 (Fig. 4C, lower) . This shows that (i) target arginines of Prmt1 in Fop are methylated in vivo, (ii) Prmt1 is the major type I enzyme that methylates Fop in vivo, and (iii) the reduced mobility of Fop on sodium dodecyl sulfate-polyacrylamide gel electrophoresis correlates with the presence of aDMA residues. Since Prmt5 can methylate Fop in vitro, we stained similar blots with antibodies specific for Prmt5 and symmetrically methylated arginines (Sym10). In control cells, the interaction between Fop and Prmt5 can be detected (Fig. 4C) . However, much more Prmt5 is coimmunoprecipitated with HA-Fop in the absence of Prmt1, indicating that Prmt1 and Prmt5 compete for binding to Fop. In line with the binding of Prmt5 and the in vitro methylation experiments, sDMA residues are detected in Fop both in the presence and absence of Prmt1 (Fig.  4C) . Interestingly, the increased binding of Prmt5 to Fop in the absence of Prmt1 does not result in the elevated symmetrical methylation of Fop. In contrast, the Sym10 staining is less in the Prmt1 knockdown, suggesting that Prmt1 positively affects the symmetric dimethylation of Fop. Partially knocking down Prmt5 did not reduce the Sym10 staining of Fop, although this did reduce the expression level of Fop to ϳ75% of that observed in control cells. It is unclear whether this is the result of incomplete Prmt5 depletion or that other type II Prmt enzymes can methylate Fop in vivo. This could not be tested, as a complete knockdown of Prmt5 resulted in cell death, as has been shown previously for transformed B cells (35) . We conclude that Fop contains asymmetric and symmetric DMA residues in vivo, and that symmetric methylation partially depends on the presence of Prmt1.
To map the arginines that are methylated within the GAR, we generated internal deletion constructs that lacked either the N-terminal or the C-terminal half of the GAR or the entire GAR (⌬GR1, ⌬GR2, and ⌬GR3, respectively) (Fig. 4D) . The binding of Prmt1 and Prmt5 (Fig. 4D, right) as well as the methylation status (Fig. 4D, left) are not reduced when the N-terminal half is deleted, indicating that the majority of methylated arginines is not in this region. In contrast, the methylation and Prmt binding of Fop⌬GR2 is undetectable (Prmt5) or greatly reduced (Prmt1). Hence, the major Prmt interaction surface and methylation sites appear to overlap. Consistently with the interaction mapping, Fop⌬GR2 and Fop⌬GR3 still are able to recruit reduced levels of Prmt1 via the N-terminal domain (Fop⌬C3) (Fig. 3C) .
Fop is a chromatin-associated protein. We next examined Fop and Prmt1 colocalization by confocal microscopy and fractionation experiments. Figure 5A shows that HA_Fop is a nuclear protein exclusively localized to regions with a low level of DAPI, with a punctate/speckle-like distribution (Fig. 5A) , identically to endogenous Fop (Fig. 2C) . Staining for endogenous Prmt1 revealed that, within the nucleus, Prmt1 also localizes to regions with a low level of DAPI, resulting in a high degree of colocalization with Fop (Fig. 5A ). Compared to that of Fop, the distribution of Prmt1 is more diffuse. The distribution and pattern of Fop localization did not change in Prmt1-depleted cells (Fig. 5A, lower) . Control MEL cells and Prmt1 knockdown cells were fractionated in cytoplasmic, cytoskeletal/nucleoplasmic, chromatin-associated, and nuclear matrix-associated proteins. An antibody directed against the C terminus of Prmt1 showed that Prmt1 localized to the cytoplasm and the soluble nuclear fraction (Fig. 5A) . In contrast, Fop was found exclusively in the nucleus, with the majority of the protein being tightly associated with chromatin. Reducing VOL. 30, 2010 Prmt TARGET Fop MODULATES ER␣-DEPENDENT GENES 265 the level of Prmt1 resulted in hypomethylated Fop but did not change its distribution pattern. This is consistent with the confocal data and shows that the association of Fop with chromatin does not depend on its asymmetrical methylation (Fig. 5A) .
In light of their copurification (Fig. 1, 3 , and 4) and colocalization (Fig. 5A) , it is surprising that Prmt1 and Fop localize to different cellular compartments after biochemical fractionation (Fig. 5B) . To investigate this further, we performed the live imaging of Fop and Prmt1 N-terminally tagged with GFP and Cherry, respectively. We first confirmed that Gfp_Fop and Cherry_Prmt1 still interact by coimmunoprecipitation experiments (not shown). We then coexpressed the proteins stably in U2OS cells. We selected clones with low expression levels of both proteins. Western blot analysis showed that Cherry_Prmt1 was expressed at approximately 25% of the endogenous Prmt1 level (not shown). In fractionation experiments, Gfp_Fop was distributed similarly to HA_Fop in MEL cells (not shown). The localization of Gfp_Fop was strictly nuclear, with a punctate/speckle-like distribution in areas with low levels of DAPI, similarly to endogenous and HA-tagged Fop in MEL cells (Fig.  2C and 5A, respectively) . Time-lapse imaging shows that Gfp_Fop is completely released from condensed chromosomes VOL. 30, 2010 Prmt TARGET Fop MODULATES ER␣-DEPENDENT GENES 267 during mitosis and relocates in ϳ1 h after cell division (not shown). To determine the mobility of Fop and Prmt1 in vivo, we combined FRAP and FLIP experiments. Half of a nucleus was bleached, and the recovery of fluorescence subsequently was monitored in the bleached part of the nucleus for 1,800 s. At the same time, the fluorescence loss in the unbleached part of the nucleus was monitored until a new equilibrium in fluorescence distribution was reached between the bleached and the unbleached regions. This experiment revealed that Cherry_ Prmt1 behaves as a soluble protein with the diffusion characteristics of an oligomeric complex (Fig. 5C ), which is consistent with previous data on Gfp_Prmt1 (18) . In contrast, Gfp_Fop is a highly immobile protein with a diffusion rate more than 50 times slower than that of Prmt1 (Fig. 5C) . Although the Nterminal tags may influence the behavior of both fusion proteins, these experiments indicate that Fop is not a component of a stable Prmt1-holoenzyme complex in vivo (17) . To determine the fraction of Prmt1 that is associated with Fop, nuclear extracts were immunodepleted for endogenous Fop. Figure 5D shows that the complete depletion of Fop has a marginal effect on the amount of Prmt1 in the supernatant, indicating that only a small fraction of Prmt1 is bound to Fop. This is further demonstrated by size fractionation experiments: the majority of Fop and Prmt1 do not elute in the same fractions (Fig. 5E ). Fop colocalizes with facultative heterochromatin. The localization of Fop was further characterized by coimmunostaining with antibodies against different histone modifications. First, we used an antibody that was raised against asymmetrically dimethylated R3 of histone H4 (H4R3me2as). This methylation is performed by Prmt1 and is a critical step in subsequent transcription activation events, including histone acetylation (20, 43) . Staining for H4R3me2as, as well as for acetylated H4 (acH4), a mark for active genes, revealed distinctive fluorescent spots (Fig. 6A, B) . Although these spots resided within euchromatic (i.e., low levels of DAPI) regions of the nucleus, they showed only minor colocalization with Fop. H3K9me2 has been implicated in heterochromatin formation and gene silencing (5) and marks condensed DNA. As expected, H3K9me2 staining showed an almost complete overlap with these heterochromatic regions (Fig. 6C) . Fop was excluded from those regions that are positive for H3K9me2 staining, showing that Fop is not localized to condensed DNA, which is in line with the observation that Gfp_Fop detaches from mitotic chromosomes. The methylation of K27 of histone H3 (H3K27me3) creates binding sites for the polycomb repressive complex 1 (29) and therefore is a mark for facultative heterochromatin. Staining with an antibody that specifically recognized H3K27me3 identified bright spots and a more diffuse staining throughout the regions with low levels of DAPI (Fig.  6D) . The diffuse signal showed a striking colocalization with Fop, while only a minority of the bright spots was found to be double positive for Fop and H3K27me3. We conclude that at this level of resolution, Fop is associated mainly with facultative heterochromatin in vivo.
Fop is critical for estrogen-dependent gene activation. The observations that Fop is tightly bound to chromatin after biochemical fractionation and colocalizes with facultative heterochromatin in vivo suggest that it is involved in transcriptional regulation. The significance of Prmt1 in transcriptional regulation has been demonstrated most vividly in the model of nuclear hormone signaling. The recruitment of Prmt1 and the subsequent methylation of H4R3 are critical events in the ER-regulated activation of the pS2 gene (TFF1, encoding trefoil factor 1). Since the molecular events leading to the activation of this gene have been described in detail (27, 28) , we studied the functional importance of Fop in the E2 induction of pS2 expression in MCF7 cells, a human E2-responsive breast cancer cell line. Cells were seeded in hormone-free medium and subsequently transfected with siRNAs against GFP (siGFP), Prmt1 (siPrmt1), and siFop, respectively. Western blot analysis showed the suppression of endogenous Prmt1 and Fop 48 h after siRNA treatment (Fig. 7A) . Furthermore, VOL. 30, 2010 Prmt TARGET Fop MODULATES ER␣-DEPENDENT GENES 269 the reduction of Prmt1 expression resulted in the partial hypomethylation of Fop, as demonstrated by the appearance of a faster-migrating species of Fop and reduced staining for Asym24 (Fig. 7A) . To analyze ER-regulated transcription, cells were induced with E2 for various times and RNA was isolated. As described previously (47) , RT-QPCR revealed that the E2-induced transcriptional activity of endogenous pS2 was reduced upon siPrmt1 transfection compared to that of siGFP transfection (Fig. 7B) . Interestingly, the reduction of the endogenous Fop level had a more dramatic inhibitory effect on pS2 induction. Similar results were obtained with two siRNAs that target different regions of the Fop mRNA (not shown). We next tested the effect of reduced Fop levels on the E2-induced transcription of Lactoferrin and TGF␣, two other Prmt1-dependent E2-inducible genes. Consistently with the observations for the pS2 gene, the E2-induced transcriptional activity of these genes was diminished upon siPrmt1 transfection and was almost absent after siFop transfection (Fig. 7C) . Furthermore, reduced Fop levels resulted in lower preinduction transcript levels of these genes. To investigate whether the transcriptional effect of Fop correlates with the binding of Fop to the pS2 promoter, we performed ChIP analysis following E2 induction. Chromatin was precipitated with antibodies against Fop, ER␣, and control IgG and analyzed by PCR for the presence of pS2 promoter fragments, including the ER element. Promoter occupancy by Fop was not detected in uninduced cells, but in E2-treated cells a transient interaction was observed with a peak at 15 min postinduction (Fig. 7D, left) . The promoter occupancy of ER␣ also increased 15 min after E2 addition and remained constant during the measured period (Fig. 7D, right) . We next tested whether Fop depletion affected the binding of ER␣ to the pS2 promoter. MCF7 cells were transfected with siGFP and siFop. Two days later, cells were induced with E2 for 20 min and analyzed by ChIP using antibodies against Fop, ER␣, and control IgG. As expected, reduced Fop levels (Fig. 7E ) resulted in reduced Fop binding to the pS2 promoter (Fig. 7F, left) . Although transfection with siFop did not change the protein level of ER␣ (Fig. 7E) , a dramatic reduction in promoter occupancy by ER␣ was observed ( Fig. 7F, right) . Taken together, these data show that Fop is required for the E2-inducible expression of the ER␣ target genes investigated and for the binding of ER␣ to the pS2 promoter region.
DISCUSSION
Here, we identified a novel protein, Fop, in an unbiased proteomics screen for Prmt1-interacting proteins. All identified Prmt1-associated factors, including Fop, contain glycinearginine-rich regions, a sequence with high affinity for Prmt1 (51) . Proteins that have been described to bind to Prmt1 with domains other than GARs, such as Btg1 and Btg2, Nip45, or Usf1, were not identified. There are several possible explanations: the proteins are not expressed in MEL cells or are expressed only during a short period of the cell cycle (as is the case for Btg1 and Btg2 [4, 41] ), the interactions are transient or unstable, or GAR-containing proteins compete efficiently for Prmt1 binding during the isolation. In this study, we showed that Fop and Prmt1 are strongly associated in coimmunoprecipitation assays. However, immunodepletion, size fractionation, and FRAP/FLIP experiments show that both in vitro and in vivo the majority of Prmt1 is not associated with Fop. We therefore conclude that Fop is not a part of the Prmt1 holoenzyme complex. The remaining Prmt1-associated factors identified in our screen are RNA-binding proteins and most likely represent Prmt1 targets rather than structural components of the 250-to 400-kDa Prmt1 complex. Collectively, our results favor the hypothesis that the Prmt1 holoenzyme is composed of Prmt1 multimers (24, 48, 51) .
Fop is a novel target of protein arginine methyltransferases. Structurally, Fop can be divided in three regions: a central GAR domain flanked by N-and C-terminal parts that do not contain any known functional motifs. Nevertheless, the fact that Fop is highly conserved in all vertebrates suggests that it is an important protein for this subphylum and that all three regions harbor critical information for Fop function. Possibly, Fop acts as a scaffold protein with three interaction domains.
Type I methylation by Prmt1 and Prmt4 serves as a general marker for active transcription, while type II methylation by Prmt5 and Prmt7 is associated with transcriptional repression. From this perspective, it is highly interesting that Fop also is symmetrically methylated by Prmt5 in vivo. In the absence of Prmt1, Fop no longer is asymmetrically methylated. Still, its distribution pattern and chromatin association are not affected. Since arginine methylation is known to regulate protein-protein interactions, this suggests that Fop recruits proteins to chromatin in a methylation-dependent manner.
Western blot analysis revealed an unprecedented mobility shift of Fop in cells with reduced Prmt1 levels, strongly suggesting that multiple arginines are methylated by this enzyme. However, the mapping of the target arginines is compromised by the fact that the GAR domain contains 26 arginines that potentially are methylated, as they are flanked by a glycine residue. Our results indicate that the majority of target arginines are located in the C-terminal half of the GAR domain. However, the number and position of target arginines, as well as the dynamics of their methylation status, are unclear. The observation that both the slower-migrating and the faster-migrating species of Fop lacking aDMA are recognized by the SYM10 antibody opens the possibility that a single Fop molecule contains aDMA and sDMA at the same time.
Fop is associated with chromatin and required for E2-dependent gene expression. Immunofluorescence and GFP fusion studies reveal that Fop mainly associates with noncondensed (DAPI-and H3K9me2-negative) chromatin, while it is released from mitotic chromosomes. It is possible that Fop binds directly to DNA, as it shares some characteristics with histones: (i) it is a highly basic protein, with an estimated pI of 12.2, and (ii) its association with chromatin is extremely stable. The localization of Fop shows a striking colocalization with H3K27me3, indicating that Fop is associated with facultative heterochromatin. This raises the possibility that Fop is involved in the regulation of genes responding to environmental and developmental cues, such as growth factors and hormones. To test this directly, we analyzed the role of Fop in the induction of the pS2 gene by E2. Ligand-bound ER␣ induces the recruitment of coactivators and specific histone modifications at the pS2 promoter (28) . While Prmt1 methylates cytoplasmic ER␣ to control the extranuclear function of the receptor, the recruitment of Prmt1 is a critical event for H4R3 methylation (Fig. 7A) . Therefore, we were not able to further study the role of Prmt1-dependent methylation of Fop in this context, as the knockdown level of Prmt1 was not sufficient to obtain completely nonmethylated Fop (Fig. 7B ). Since we have no evidence that Fop and ER␣ interact directly in noninduced or E2-induced MCF7 cells, our data suggest a model where Fop recruitment is an early event that is critical for a stable interaction between ER␣ and its target sequences (Fig. 8) 
